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Pazom 3t ¢Tarrem [1] vw HanacMo JeTanbuAl Beperan OCHOBHEX TPAMCROPTRHX Moje-
Ak, Takea MH HADOTEMO POIEINPCHRAN oCHOBHNY. Monene | npofiyemo MpoaETH RORATKOBE
¢BIrA0 12 0cofiAEB KPHTAHYNE ACHEKTH, IO ACOWIOITLCH I UMM TPANCTIOPTHHME MONEARMA.

In a com- panimt paper [1] we gave a detailed review of the basic transpert modeis,
Here we present extensions fo the basic models and try to shed some additional Eght on
the critical issues associated with these transport models.

1 Intreduction

As the size of state-of-the-art devices is continually reduced, non-local behavior becomes a erit-
jcal issue in the simulation of these structures, The wel established dnfi-diffusion (DD} model
{2] which is still predominantly used by engineers around the world cannot cover these effects
as the electron gas is assumed to be in thermal equilibrium with the lattice temperature. To over
come this Hmitation, hydrodynamic and energy transport models have been published, first by
Stsatton {3] and by Bletekizer [4]. Both models were derived assuming parabolic bands and ho-
mogeneous materials and are discussed in detatl in [1]. As the assumption of parabolic bands and
homogeneous materials limits the validity of the models, several extensions have been proposed
which will be covered in detail here. Furthermore, even for the basic models some simplifying
assumptions had to be made to yield models suitable for engineering purposes. In the following
we review somie of these assumptions and the implications for practical device simulation.

2 Non-Parabelicity Extensions

The general hydrodynamic equations given in {I] are valid for any band structure as I depends
only on the spatial gradient of the dispersion relation. However, parabolicity assumptions are
invokext to derive the closure relations for the momentum and the average energy. On the other
hand, non-parabolicity effects enter the HD equations through the models used for the collision
erms. A good example is the mobility whose homogencous values are frequently obtained
through measired v{E) characteristics, This mobility contains the full information of a real
band structure, something which s much more difficult 10 obtain with MC simulations wherg
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band structure, something which is much more difficult to obtain with MC simulations where
the mobility has to be modeled using microscopic scattering rates [5]. As pointed out in the
discussion of the average energy, there is no analytic refationship between (£} and v in the
general case. For parabolic bands the camrier temperature is normally defined via the average
carrier energy as

T= () - 557) Bt

Unfortunately, there is ne similar equation for non-parabolic bands. Another possibility is to
define the temperature via the variance of the velocity as [6}

g ; ;

e 2
T = g () @)
Definitions {1} and (2) are consistent with the thermodynamic definition of the carrier temper-
ature in thermodynamic equilibriumn and both are identical for non-equilibrium cases when a

constant carrier mass is assumed which in tum corresponds to the assumption of parabetic en-

ergy bands. However, large differences are observed when a more realistic band structure is
considered {6, 71

2.1 The Generalized Hydrodynamic Model

Thoma ef al. {6, 7] proposed 2 model which they termed "generalized hydrodynamic model”,
Instead of using the average energy and the temperature as variables in their formulation, they
opted for a temperature-only description. To obtain a form similar to standard models, they
defined the temperature according to (2) which differs significantly from (1) for non-parabolic
bands. Instead of the momentun: weight functions ik and Ak, they used v and u€ to derive the
moment equations of order one and three. Without assuming 2 Kane dispersion they derived the
following equations for the current and energy flux density

I= «Z{-;ﬁkﬂ(ﬂ") ' nE (3)
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All relaxation times and mobilities are modeled as a function of T and explicit formulas were
given in [8]. The advantage of this formulation is that it can be applied to arbitrary band struc-
tures. Thoma ef a/., however, used parameters extracted from MC simulations employing the
Kane dispersion relation.

2.2 Model of Bordelon

Another non-parabolic formulation was derived by Bordelon ¢t 4l {9, 10} which explicitly as-
sumed a Kane dispersion. They used the weight functions 1, fik and £ and closed the sys-
tem by ignoring the heat flux. To avoid the problem with the missing energy-temperature re-
lation, they formulate their equation systern sofely in w. By introducing the function H(w) =



30

(1 4 ow)/(1 + 2cew) in the approximation for {7 [11] they obtain
of #‘i:vfmvﬂ (u)) + qunE 1S mﬁ{w)w::i (6)

with 2(w) ¢ 1.3, In the comparison made by Ramaswamy and Tang [11] the predicted v and 8
curves agree quite well with the MC data, even with this simplified model for 8.

2.3 Model of Chen

In {12} Chen ef al. published 8 model which they termed "enerpy transport medel’. They tried
to include non-parabolic and non-Maxwellian effects to a first order. Their approach is based
on Stratton’s model and the use of Kane’s dispersion relation. Their Ansatz contains a non-
Maxwellian factor -y which, however, does not show up in the final eguations which read

J =kgVi{nuln) +qunk _ﬁﬁm' 40,‘(@3’1‘“1& + %v(nﬂ,ﬁ:)) (H
with ' |
Co= (g - p) (1 5“:‘;—-7;”) &= (; + gaka'rﬂ) z‘k;BTm (®)

- Badovnikov and Roulsion [8} showed that Chen’s modei fails to predict proper velocity profiles
and is not consistent with hormogeneous simulation results,

2.4 Model of Tang

Tang et af. [13] gave very elaborate expressions for T, p and R to close the equation system.
Their discussion aims at a comrect handling of the inhomogeneity effects normally ignored, By
observing that (' — v ® p) and (R + 2.5wv @ p) show nearly no hysteresis for an 5t-n-n*
test-structure they proposed the following closure refations

0= 2ut+vop+uiu =guil-2bwvepsr@l
P = W'V + 2am"S (10)

with u(w) and (i) being single-vated fit-fimetions. They used a Kane dispersion for the MC
simutation which might somehow Hmit the validity of the expressions above. Unfortunately, the
additional convective terms are likely to cause numerical problems inan actual mukti-dimensional
implementation. '

2.5 Model of Smith

In [3i4] Smith and Brennan derived two non-parabolic equation sets for inhomogeneous and
degenerate semiconductors (see also {15, 16]). They used both the Kane dispersion and @ simpler
power-law approximation after Cassi and Riced [17] because the Kane dispersion relation cannot
be integrated analytically, They showed that the typically employed binomiaj expansion of the
Kane-integrands fooses its validity and physically not consistent results are obtained. The power-
law approximation, on the other hand, approaches the parabolic limit and has a larger range of
vatidity.
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2.6 Model of Anile

Anile and Romano [ 18] and Muscato {19} derived expressions for the closure {f and R using the
max it entropy principle. In addition, they were able to derive expressions for the collision
terms. They found that their model fulfitls Onsagers reciprocity principle and gave a comparison
with other hydrodynamic models. ' .

L

2.7 Comparison ..
A comparison of the s_imp_ie"ET model with the expressions givén by Thoma et al., Lee et af,
Chen ef of., and Tang ef a/.; for Si bipolar transistors is given by Sadovnikov and Roulston [8]
who observed no significant differences in the simulated output characteristics.

3 Extensions for Semiconductor Alloys

The derivations given above are vestricted to homogenseous materials where the effective catrier
masses and the band edge energies do not depend on position. Over the last years extensive
research has been made conceming IT1-V materials and $iGe heterostructure devices. Especially
for I11-V materials inclusion of the carrer temperature in the transport equations is considered
a must. State-of-the-art [11-V heterostructure transistors employ many different combinations of
materials. In addition differently graded profiles have been used. SiGe bipolar transistors with
graded (e profiles in the base have also been widely investigated. To properly account for the
additional driving forces due to changes in the effective masses and the hand edge energies the
energy-transport models have been extended accordingly. The foundation for these extensions
was laid in the pioneering work by Marshak for the drift-diffusion egquations [20, 21]. These
concepts have been applied to the energy-transport models by Azoff in [22, 23, 24]. Ia the case
of 3 position-dependent parabolic band structure, the force exerted on an electron is given as

‘

uwvﬁ,—r«sm' ) §03]

These additional forces give rise to an additional component in the current relation and the elec-
tric field is replaced by an ‘effective electric field which also contains the gradient of the band
edges.

& Jw

J = ynVE, 4 g—y?(nw) - gV In{m™} S= & mukgvaw (12)

An extension to non-parabolic bandstructures has been presented by Smith e7 al. {14, 15],

4 Multiple Band Models

Bletekjrer's [4] equations were originally devised for semiconductors with multiple bands.
Woolard et al. |25, 26] extended these expressions for multiple non-parabolic bands in GaAs.
Other GaAs models can be found in {27, 28] Wilson [20] gave an altemate form of the hiydrody-
namic model which he claims to be more accurate than {4]. Another multivalley non-parabotic
enerpy-transport model was proposed in [30],
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Figure 1: Electron tcmperahire and distri__bution function five characteristics péimé inside the
nt-n-n* test-structure, Note that the average energies at the poinits B and D are the same.

5 Band Splitting Models

As device geomeiries are further reduced without according reductien of the supply voltages,
the electric fields occurning inside the devices increase rapidly. Furthermore, strong gradients
in the electric field are observed. These highly non-homogeneous field distributions give rise to
distribution functions which deviate significantly from the frequently assumed Maxwellian dis-
tribution. Furthermore, as bas been pointed out in [31], the distribution function is not uniquely
described using just the average carrier energy. This is depicted in Fig. | which shows some elec-
tron distribution functions inside an n*-n-n' test-structure obtained by MC simulation. Points
ABC are in the channel whiie the points D and E are taken from the drain region. In the drain
region, the overpopulation of the high-energy tail is obvious, whereas in the channel it is under-
populated, showing a significant thermal tail [32].

Several moment based models have been proposed so far which aim at obtaining some additional
information about the DF to the average energy. One approach is to split the energy range at some
characieristic energy and handle both energy ranges with a two-population and two-temperature
mode! {33, 34]. As these models were aimed at modeling impact ionization the band gap energy
was laken as the characteristic energy. This approach leads to various additional macroscopic
parameters which model the transitions between the two energy regions. Determination of these
parameters relies on carefully set up MC simulations. Due fo this specialization to impact ioniza-
tion, this model would have to be reformulated if another energy range is of interest as is the case
for the calcutation of gate currents, Thus this approach is difficult to generalize if both effects
need to be captured at thie same time which is demanded for state-of-the-art devices. A special
formulation using two electron popalations has been proposed in [35] for those regions where the
high-energy tall is heavily populated. Tu {36] Tang gave a simplified version of the two energy
medel [33] which used assumptions shnilar to those made by Cook and Frey {371
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6 Electro-Thermal Extensions

One of the problems resulting from the reduction in device geometries is that the generated heat
has to be kept to a minimum. To capture these self-heating effects, the moment equations have to
be extended to account for non-constant lattice temperature. A detailed treatment of this subject
was given by Wachutka {38] for the classical DD equations- Chen ef @/, gave an extension for
the energy-transport models in [39]. Beavenuti et o/, introduced a thermal-fully hydrodynamic
model] in [40]. A detaifed discussion can be found in [41}. '

7 Critical Issues

The models given above Empioy various approkimgtions of different severity. As these approxi-
snations have been discussed extensively in literature, they will be summarized in the following
sections. '

7.1 Closure

The method of moments transforms the BTE into an equivalent, infinite set of equations. One
of the severest approximation is the truncation fo a finite number of equations (nermally three or
four). The equation of highest order contains the moment of the next order which has to be suit-
ably approximated using availabie information, typically the lower order moments. Even though
no form of the distribution function needs to be assumed in the derivation, an implicit coupling
of the highest order moment and the lower order moments is enforced by this closure. For their
generalized HD model, Thoma ef al. [6, 7] give a maximum error of 30% which can be quite
significant. One approach to derive a suitable closure relation is to assume a distribution function
and calculate the fourth order moment. Gewrts [42] expanded the distribution function around
drifted and heated MaxweHian distribution using Hermite polynomials, This gives a closure re-
lation which generalizes the standard Maxwellian closure. However, these closures proved to be
numerically unstable for higher electric fields. Liotta and Struchtrup [43] investigated a closure
using an equilibrium Maxwellian which proved to be numerically very efficient but with unac-
ceptable errors for higher electric fields. For a discussion on hwated Fermi-Dirac distributions see
[14, 16]. Ramaswamy and Tang [11] gave a comparison of different closure relations available
in Hterature, '

7.2 Tensor Quantities

An issue which has only been vaguely dealt with is the approximation of the tensors by scalar
gquantities, such as the carrier mass and the carrier temperature. One-dimensional sirmulations
have been carried out in [44] which indicate that the longitudinal temperature component T} is
farger than the transverse temperature component 73, indicating that the distribution function
is elongated along the field direction and thus that the normally assumed equipartition of the
energy is invalid. A rigorous approach has been taken by Pejéinovi¢ et al. [45] who model
four components of the temperature tensor. They observed no significant difference between the
scalar temperature and tr {1, }/3 for ballistic diodes and bipolar transistors but a 15 % difference
for aggressively scaled MOSFETs in the linear region of the wansfer characteristics. Tang e?
al. [13] observed that the energy tensor is not a single valded fimction of the average energy and
give models using available moments (see {9)).
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7.3 Drift Energy vs. Thermal Energy ..

Another common approximation is the neglection of

the drift energy in the average carrier energy [37] .
_mv* 3 3

As has been pointed out by Baccarani and Wordeman
[46], the convective energy can reach vatues compa-
rable to thermal energy. A plot of the difference of
these temperature definitions inside an nt-n-n* test-

Peviation of {13}
o=,
7

045 ¢
structure is given in Fig. 2. As can be seen, the er-
ror introduced by this approximation is larger than _
15 % in the beginning of the channel where the car- 8 %l 64 B3 B4 ik %
rier temperature 15 still low and a velocity overshoot diapee fomd

is observed. This effect bas been studied in [47]. Figure 2: Effect of approximation (13) on

. the carrier temperature and the deviation
7.4 Relaxation Times introduced by it obtained by a MC simu-

ton ti iti : lation of the at-n-n? test-structure.
The relaxation times have traditionally been derived n of the n-n-n

from homogeneous field measurements or MC sim-

ulations. For homogeneous fields, there is a unique

relationship between the electric field and the carrier temperature via the local energy balance
equation which can be used as a definition for 7z, However, due fo the modeling of the collision
terms, the relaxation times depend on the distribution function, Since the distribution function
is not uniquely described by the sverage energy, models based on the average energy are bound
to fail, Furthermore, the band structure piaysé dominant role., Nevertheless, all models shouid
be able to correctly reprodnee the homogeneous limit. In the following, somne models for Si are
reviewed. '

7.4.1 Mobility

Two models for the energy dependence of the mobility are frequently used, the model after
Baccarani ef o/, {46, 48]

}wﬁ{Tu) o z‘{‘. {4}
wo Ty
and the model after Hiinsch [49, 50]
' ' W) 3 1o (k7L 208\t '
M.-—-(l v\ q B J ) ¢
For homogeneous materials §/J = 5kpT5, /(2¢) which can be used to simplify (15) as
O MBY o Bueke oY)
= (14325 (n- 1) (16)

As has been shown in [44, 51] expreésien (16} reproduces the mobility quite weil in the regions
with increasing E. However, for decreasing E (15) should be used [44, 52].
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. Tang et af. {13] proposed another expression by separating the homogengous from the inhomo-
© geneous part of the mobility, They suggest to model the collision term C, as

nl, m%wié—)&,nv a i ' : (7

with 1" being the homegeneous mobility. The second term of (17) can then be moved to the left-

hand-side of the cutrent relation to give a Stratton-like energy gradient expression (] — )\,)nVC’
The quantity A, has been extracted from MC simulations as

y=j0t0 vi>0

050 for VU<0

In {53} Teng ef al. give an improved expression,

(18)

74.2 Energy Relaxation Time
The simplest approach at modeling 7¢ a constant approximation with values in the range 0. 3 -
0.4 ps. Baccarani er ¢f. [48, 46] proposed the expression

- 3 kgm T,;TL m %Tn
=TT, T & T

Note that when

(i9) 1

_ SkaioTy
T
is used in the Hansch mobility model [49], the Bac-
carani and Hansch models are equivalent in the ho-
mogeneous case [54]. It is also to note that (14)
should be used together with (19} whereas in the
Hénsch approach 73 is only required to be indepen- ) - ,

dent of the temperature for (15} to correctly predict  * 570 00 0 i 05 08 07
the homogeneous limit, A comparison of these two dianee fjan]

models is given in Fig. 4 where the differences for .

the non-homogeneous case are visible. A discus- Figure 3. Comparison of different en-
sion of the inconsistencies fesulting from mixing ar- ergy relaxation time models for a nton-
bitrary energy-dependent mobility and energy refax- n" test-structure.  The open circles are
ation time models can be found in [55] from a MC simulation.

Agostineili ¢f al. [36] proposed a mode] which is fit fo the data of Fischetti [57]

7w(W)  jOIT2 +2.6560 ~ 3.448W7% forW <04
ips =~ {068 - forW > 0.4

with W = w/(1eV). Another more elaborate fit to the data of Fischetti is given in [58]. A

maximum vahuee of 0,08 pe seems 1o be too high, and vet another fit to newer data from Fischetti
has been published by Hasnat o7 o, [5%]} 55

{20

L5 ¢

7 bt

(21}

%%22 = 027 + 0.620 — 0.631W% + 6.13W9 4 0,010 (22}
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Figure 4: Electron temperature and veioc%.ty distribution inside the nt-p-nt téét«étmcﬁ:m I
and 7z were modeled according to (15¥+20) and (14)(19), SHaensch stands for the simnplified
Hiinsch model (16,

with 2 maximum value of approximately 8,42 ps. Another expression was given by Lee and Tang
[44] as

Fe(w) = tg 4 Eyp{w) 4ty exp{~Fu{w)) - (23

with 77 = w/wg — 1 and the parameters t = 0.28 ps, 11 = 38, & == 2.2 ps, and 3 = 10.

A comparison for these energy relaxation thne models is given in Fig. 3 where the differences
hetween the models is obvious. Also shown is the result of our MC simulation. Note that for the
Baccarani and Héasch models the low-field mobility has been calculated with the expression of
Caughey and Thomas [60] using the given doping profile and v, = 107 cin/s. The other models
offer no adjustment of the low-field mobility which can be considered a serious drawback and
2 cause for inconsistencies. A detailed comparison of the effects of both relaxation times and
transport models on the performance of Si bipolar transistors is given in {8].

As the temperature profile occurring inside the device is very sensitive to 7 this dtsagmetrmt is
rather astonishing and further research on this topic is in order.

7.4.3 Energy Fiux Reiaxatinn Time

The tatio of the energy flux mobility and the mobility 75/ 7 is usually modeled as a constant with
values in the range 0.78-1 {44, 131 Tang ef 4/, [13] proposed an expression in analogy te (17)

by separating the homogeneous and inhomogensous parts. They suggest to model the collision
term Cpp as :

Cpr = --w-—;‘!? + eV - By (24)



37

with iz being the homogeneous energy Hux mobility. Expressions for ;2% and Aye can be found
inf13].

75 Spurious Velocity Overshoot

Models based on Bletekjar's approach have been frequently associated with spurious velocity
overshoot (8V(), that is, non plausible spikes in the velocity characteristics which do rot occur
in MC simulations. This effect can be seen in Fig, 4 where the SVO is clearly visible. Several
theories have besn put forward to explain this effect. Some authors argue that it is related to the
hysteresis in the mobility [3 1], whereas others refate it to non-parabolicity effects [9]. Still others
argue that it is related to the closure of the energy-transport equation system [47]. The improve-
ment obtained by the non-parabolic model {9} is probably due to the improved closure relation
forR. As already argued by [47], SVO is not likely tabe caused only by the mobility because the
mobility is not properly modeted in the whole V' - U < § region and VO is restricted to a very
small area. Lee and Tang 1441 investigated SVO vsing different mobility models and found that
improvement is possible when proper mobility models are used. For example, with the Hénsch
mobility model {15) these spikes are strongly diminished but not completely removed. Unfortu-
nately. our own MC simulations show that ( [5) also overestimates the real velocity overshoot at
the beginning of the channel. Chen ef of. [61] proposed a model based on Stratton’s approach. In
their simplified analysis they used Baccarani’s mobility model which thus removes any thermal
diffusion current inside the whole device which is definitely not physically sound {131 '

8 Validity of Moment Based Models

When the critical dimensions of devices shrink below a certain value {around 108 nm for Si at
room temperature) MC simulations reveal strong off-equilibrium transport effects such as veloc-
ity overshoot and quasi-ballistic transport. So the range of validity for moment based models
has been extensively examined. Furthermore, with shrinking device geometries quantem effects
gain more importance and limit the validity for the BTE itself {62]. Banoo and Lundstrom [63]
compared the results obtained by an energy-transport model with a DP model and a solution
of the BTE obtained by using the scattering matrix approach. They found that this energy-
transport model dramatically overestimates both the drain current and the velocity inside the
device, Tomizawa ¢f al. {64] found through a comparison with MC simulations that relaxation
time based models tend to overestimate non-stationary carrier dynamics, especiaily the energy
distribution. Nekoves e af. [65] compared moment hierarchy based models with a solution of the
BTE and found that moment based models fail in the prediction of ballistic diodes because the
moment hietarchy converges to sfowly, A similar conclision was drawn by Liotta and Struchtrup
{431 who found that a hierarchy containing 12 moment equations was needed to reproduce results
similar to those obtained by sphigrical barmonies expansions,

9 Simplified Models

Despite of the limitations and approximations contained in the moment equations given above,
the solution procedure can be quite involved, Thus several authors tried to find suitable approxi-
mations to simplify the analysis. These approximations were frequently used in post-processors
to account for an average energy distribution different from the local approximation. Sotboom
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et al, [66] used this technique to calcutate energy-dependent impact ionization rates via post-
processing model. Cook and Frey [37, 67] proposed a simplified mode! by using the approxima-
tions v, > vy and K, > Fy in a two-dimensional 3i MESFET to yield

dw 21 Q(ﬁm‘(w—«w)+eﬁg)m 25

3.‘: 20 =~ 20\9  wwmr
Thus, the energy balance equation and the continuity equation become decoupled and the com-
plexity of the problem is considerably reduced. Approximations for GaAs were also given.
Although these approximations might have delivered promising results, progtess in'the size~
reduction of state-of-the-art devices makes the assumptions ¢, 3 o and E, > E,, questionable.
In pamcuisr, for deep-submicron MOSFETs, velocity overshoot influences the efectric field dis-

tribution for a given bias condition, and effectively defines a higher drain saturatzcn voltage
which in tum defines a higher current [68],

To bring the energy-transport equations into a seif-adjoint form Lin ef al. {69] approximated the
carrier temperature in the diffusion coefficient by the laftice temperature as '

mekg&Vn+uk3nVTa+qm:E {26)

&Ty

which will underestimate the diffusion current by a factor of a2 1020 for state-of-the-art devices
and can therefore not be recommended.

10 Conclusions

The uncertainties introduced by the approximation of the collision terms pose a bib probiem to
the accuracy of the hydrodynamic models. They are modeled via relaxation times and mobility
maodels. Expression for these are normally extracted from homogeneous M( simulations. As
has been clearly shown, homogeneous MC simulation data are not sufficient for the simulation
of state-of-the-art devices as neither the relation times nor the closure relations are single-valued
functions of the average energy. This used to be one of the advantages of thé macroscopic
transport models over the MC method because measured u{F) characteristics could be directly
incorporated into the simulation which is not possible for the microscopic approach taken in
the MC method. Unfortunately, data for inhomogeneous situations are difficult to extéact from
measurements due 1o the complex interaction between the various parameters. Therefore, MC
shmulations of 5t -m-n test-structure were performed to extract the desired dafa.

Another critical issue is due to the closure relations introduced to reduce the anmber of un-
kaowns. Several extensions for non-parabolic bands have been reviewed, which, due fo the
nature of the problem, can only give an approximate solution to the problem.
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